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I. Module 7, Organic Chemistry 2 

By Dr. George L. Mhehe, Open University of Tanzania 



Aromatic compounds and Heterocyclics 




II. Prerequisite Courses or Knowledge 

Module 2 unit 4, introduction to organic chemistry 
Modules 5 and 6: Organic chemistry I 

III. Time 

To cover this model it will require around 120 hours distributed as follows 
Unit I: 20 hrs 

Unit II: 80 hrs 

Unit III: 20 hrs 

IV. Material 



The following are important materials that will be necessary to learn this mo- 
dule: 

Models for structures of aromatic compounds on CD-Rom 
Simulated reactions on CD/Video/DVD 
Animation of reactions on CD/Video/DVD 
Face to face demonstrations using physical models 
Experimental setups for hands-on-experiments involving synthetic reac- 
tions of aromatic compounds 
Recommended text books including web-based materials 
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V. 



Module Rationale 



Many natural products and many synthetic drugs are partly aromatic. The steroi- 
dal hormone estrone, and the well known analgesic morphine have benzenoid 
aromatic ring components. The tranquilizer diazepam and aspirin for relief of 
headaches are examples of such drugs. Heterocyclic compounds such as the well 
known antimalarial, quinine, possess a quinolide structure. It is essential for 
chemists to study such important molecules that have benzenoid aromatic ring 
structures. In chemistry, the properties of a substance come from its structure.This 
module is essentially about the structure, properties and reactions of aromatic 
hydrocarbons and heterocyclic aromatic compounds. 

O 




C0 2 H 



PENICILLIN V 



The aromatic part of penicillin V 




QUININE 



the quinoline part 
of quinine 
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VI. Content 



6.1 Overwiew 



The module deals wth the concept of aromaticity and aromatic compounds. It 
discusses the characteristic properties of aromatic compounds that are based on 
the benzene ring as the structural unit. The major part of this module therefore 
discusses the chemistry of benzene and its derivatives. 

Components of the module: 

• Aromaticity 

• Benzene and its derivatives 

• Heterocyclic aromatic compouds 

Aromatic compounds and Heterocyclics 

Unit I discusses important features that make a compound to be aromatic. Aro- 
matic compounds are cyclic conjugated molecules. 

Unit II, discusses electrophilic aromatic substitutions of benzene and its deriva- 
tives: Halogenation, nitration, sulphonation and Friedel/Crafts reactions. 

Unit III, is on the chemistry of furan, thiophene, pyrrole, and pyridine as repre- 
sentatives of heterocyclic armatic compounds. 






Pyrrole Furan Thiophene Pyridine 



6.2 Outline 

Unit I: Aromaticity 

• The concept of aromaticity 

• how to identify an aromatic compound from its structure 

Unit II Benzene and its derivatives 

• Benzene as a typical example of an aromatic compound 

• structure of benzene 
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• stability of benzene 

• Electrophilic aromatic substitution reactions of benzene and its derivati- 
ves 

• Effects of substituents on reactivity and orientation of in-coming group 

Unit III: Heterocyclic aromatic Compounds 

Definition of a heterocyclic compound 

Typical examples of heterocyclic aromatic compounds 

Furan, thiophene, and pyrrole as examples of 5-member ring aromatic monohe- 
terocyclics, Pyridine and quinoline Electrophilic aromatic substitution reactions 
of furan, thiophene and pyrrole 



AROMATIC COMPOUNDS 



BENZENOIDS 



NON-BENZENOIDS 



Policyclic Aromatic 

compounds 

(not covered in this module) 



Benzene and its Derivatives 



HETEROCYCLIC AROMATIC 
COMPOUNDS 



EXAMPLES: 

pyrrole, furan, thiophene, 

pyridine and quinoline 




IONIC AROMATIC 
SYSTEMS(not covered 
in this module) 



EXAMPLES 

cyclopropenyl 

cation, 

eye lopentadieny 1 

anion, 

cycloheptatrienyl 

cation(tropylium 

ion) 
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TYPICAL ELECTROPHILIC AROMATIC SUBSTITUTION 
REACTIONS OF BENZENE 



COCHjCH, 




FRIEDEL-CRAFTS ACYLATION 
CH 3 CH,COCI 'AICI3 SULPHONATION 



FRIEDEL-CRAFTS ALKYLATION 




H 2 S0 4 , heat 



NO, 



NITRATION 



HN0 3 /H 2 S0 4 



BROMINATION 
Br 2 / FeBr 3 
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VII. General Objective(s) 

The general objective of this module are: 

• to familiarise you with the concept of aromaticity and aromatic com- 
pounds so that you are able to identify aromatic compounds based on 
their structure. The emphasis will be mostly on the chemistry of benzene 
as the main representative of aromatic compounds and its derivatives. 

• to introduce you to electrophilic aromatic substitution reactions of ben- 
zene and its derivatives as opposed to addition reactions. These include 
nitration, halogenation, sulphonation, and Friedel-Crafts alkylation and 
acylation reactions. These are the typical reactions of benzene and its 
derivatives. 

• to expose you to the structure and chemistry of the heterocyclic systems, 
furan, thiophene and pyrrole as five-member ring heterocyclics, as well 
as pyridine and quinoline-which are six member ring heterocyclics. 

• to help you to use ICT facilities in teaching 




VIII. Specific Learning Objectives 
(Instructional Objectives) 



Unit I: Aromaticity 

At the end of this unit you should be able to 

(a) define the concept of aromaticity 

(b) identify an aromatic molecule given its structure 

(c) give an argument in favour of the Kekule structure of benzene. 

Unit II Benzene and its derivatives 

At the end of this unit you should be able to: 

(a) write structural formulas for possible isomers and to distinguish formulas 
for isomers from formulas that represent mono- and di-substituted benzene 
derivatives 

(b) name different benzene derivatives using the IUPAC system of nomen- 
clature 



ivx. . 
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(c) write balanced equations involving electrophilic aromatic substitution 
reactions of benzene and its derivatives 

(d) solve qualitative chemistry problems related to the effect of different 
substituents present in the benzene ring 

(e) perform simple exercises involving the syntheses of benzene derivative 
organic compounds 

Unit III: Furan, thiophene, pyrrole and pyridine 

At the end of this unit you should be able to: 

(a) define a heterocyclic compound 

(b) identify an aromatic heterocyclic molecule based on its structure 

(c) know the preferred positions for electrophilic aromatic substitution in 
furan, pyrrole, pyridine and thiophene. 

(d) predict and name electrophilic aromatic substitution products of furan, 
pyrrole, thiophene, and pyridine 
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IX. Pre-assessment 



Title of Pre-assessment : 

This pre-assessment multiple choice questions are designed to test what you 
already know about the concepts covered in the module 

9.1 Rationale 

Answering these questions correctly or otherwise will be a good indication of 
your grasp of the subject matter covered in this module and what you will need 
to know and be able to use to solve problems. 

Questions : In each of the following multiple choice questions choose the best 
answer out of the given options A, B, C or D : 



1. Which of these compounds is not aromatic? 

ex 



O 



A 



B 



N 
D 



4> 



2. Which of the given structures represent a diheterocyclic molecule? 






C 



"N 



^ 



D 



3. Which one of these is the correct structure for m-dinitrobenzene? 





*•• ••* 
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4. Which of the following represents the structure of nitrobenzene? 
N=N NH 9 NO 

N0 2 



B 




D 



5. The possible number of isomeric monosubstituted benzene derivatives is 

A2 
B3 
C 1 
D6 

6. The possible number of isomeric disubstituted benzene derivatives is 

Al 
B2 
C3 
D6 

7. When nitrobenzene is reduced using tin (Sn) and HC1 the product obtained is 
H NH 2 N u N0 3 



A 



B 



C D 

The correct structure for m- xylene is 
9 H 3 CH 3 

H 3 a 



A 
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9. The correct structure of o-ethyltoluene is 
^CH2Cn3 





CH2CH3 



CH2CH3 


X 


'. — - o 


CH; 


i 


CH2CH3 


T 

CH- 
C 


3 


CH2CH3 

D 



10. Which one of the following statements is most correct ? Furan is 

A. one of the well known heterocyclic molecule 

B. a five member- ring monoheterocyclic molecule 

C. monoheterocyclic molecule 

D. None of the above 

11. The Huckel's 4n+2 rule on aromaticity is applicable to 

A. all hydrocarbons 

B. all aromatic hydrocarbons 

C. all aromatic compounds 

D. only naturally occuring aromatic compounds 

12. Benzene is 

A. a hydrate of carbon, 

B. a hydrocarbon 

C. a stable aromatic hydrocarbon 

D. a stable hydrocarbon 

13. The IUPAC name for the molecule 




A. Pyridine 

B. Aniline 

C. Aminobenzene 

D. Ammonium benzene 
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14. Electrophilic aromatic substitution in furan is preferentiallly at positiion 

A. 3 

B. 1 

C. 2 

D. 4 

15. Electrophilic aromatic substitution in pyridine is preferentiallly at position 

A. 1 

B. 3 

C. 4 

D. 2 

16. The correct IUPAC name for the molecule 



^ IS 



A. 1-furoic acid 

B. 2-furoic acid 

C. furanylcarboxylic acid 

D. 3-furoic acid 

17. Oxidation of toluene gives 

A. toluic acid 

B. benzoic acid 

C. benzene carboxylic acid 

D. both B and C are correct answers 

18. For a compound to be aromatic it has to be 

A. a complicated cyclic system with 4n+2 jt electrons 

B. conjugated nonplanar molecule 

C. a cyclic conjugated planar molecule 

D. none of the above suffices fully 

19. Planarity of a molecule is a necessary condition for aromaticity 

A. true 

B. partially true 

C. false 

D. may be true 



:». 
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20. Benzene and its derivatives typically undergo 

A. addition reactions readily 

B. substitution reaction with difficulty 

C. both substitutions and additions readily 

D. none of the above is true 
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9.2 Answer Key 



l.C 

2. C 

3. C 

4. D 

5. C 

6. C 

7. B 

8. B 

9. A 

10. B 

11. C 

12. C 

13. C 

14. C 

15. B 

16. B 

17. D 

18. D 
19A 
20. D 
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Notes to the student: 

If you get 8 items or more correct you can consider that you are doing fine, but 
if you get less than 5 items correct then you have to work very hard to pass the 
course. 

9.3 Pedagogical Comments For Learners 

Important Tips: 

• Aromatic hydrocarbons (benzene and other arenes) are stable molecu- 
les that hardly undergo addition reactions that are typical of the other 
unsaturated aliphatic hydrocarbons ( alkenes and alkynes). If aromatic 
compounds undergo reactions then they do so by substitution reactions 
rather than addition reactions 

• Aromatic hydrocarbons resist reactions that would disrupt their structure 
so as to retain the 4n+2 m-electron system 

• The stability of benzene (and other arenes) is based on the fact that it 
exists as a resonance stabilized system with its structure represented as a 
hybrid of two Kekule structures: 



^ 




equivalent to 




hybrid 
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X. Key Concepts (Glossary) 



Aromaticity: This refers to the properties of benzene and its derivatives that re- 
flects its special stabilty. (which resist reactions that would disrupt their structure 
a nd thus maintain their unusual stability) 

The 4n+2 Huckels Rule: This refers to the number of Jt-electrons a compound 
must have for it to qualify as an aromatic compound, where n is an integer 

Electrophilic aromatic substitution reaction(s): This refers to a fundamental 
reaction type exhibited by aromatic compounds. The general reaction can be 
represented as: 



Lewis acid 

E+ 




WhereE + is an electrophile (electron deficient species) 



There are a variety of substitution reactions undergone by nearly all aromatic 
rings; these include reactions such as nitration, sulphonation, halogenation, and 
Friedel-Crafts alkylations and acylations. 

Friedel-Crafts alkylation reaction: This is an electrophilic aromatic substitution 
in which an aromatic compound reacts with an alkyl halide in the presence of 
aluminium halide to introduce an alkyl group into the benzene/aromatic ring 

Friedel-Crafts acylation reaction: This is an electrophilic substitution reaction 
in which an aromatic compound reacts with an acid halide in the presence of 
aluminium halide or ferric halide to introduce an acyl (CH 3 CO-) group into the 
benzene/aromatic ring 

Nitration: This is an electrophilic substitution reaction in which an aromatic 
compound reacts with a mixture of sulphuric acid and nitric acid to introduce a 
nitro group (N0 2 ) into the benzene/aromatic ring 

Halogenation: This is an electrophilic aromatic substitution reaction in which 
an aromatic compound reacts with a halogen in presence of aluminium halide 
or ferric halide to introduce a chloro, bromo or fluoro atom into the benzene/aro- 
matic ring 
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Sulphonation: This is an electrophilic aromatic substitution reaction in which an 
aromatic compound reacts with a sulphuric acid or S0 3 /sulphuric acid to introduce 
a sulphonic acid group (-S0 3 H) into the ring the benzene/aromatic ring 

Orientation: refers to the position in the benzene ring where an incoming group 
would go with respect to an already present substituent in the ring, i.e whether 
it would go to the ortho/para position or meta position to the present substituent 

eg 




hno 3 /h2so 4 



phenol 




ortho-nitrophenol 



N0 2 

para-nitrophenol 

The hydroxyl group in phenol is an activating ortho-para director 

N0 2 mo, 

Br 2 / FeBr 3 



nitrobenzene 




Br 

mefa-bromonitrobenzene 
(l-Bromo-3-nitro-benzene) 



The nitro group in nitrobenzene is a deactivating meta dirctor 



Activating group: a substituent in the benzene ring whose presence makes the 
ring more reactive than the unsubstituted benzene ring toward electrophilic aro- 
matic substitution 

Deactivating group: a substituent in the benzene ring whose presence makes 
the ring less reactive than the unsubstituted benzene ring toward electrophilic 
aromatic substitution 

An ortho-para director: is a substituent in the benzene ring that directs an in- 
coming group to the ortho and para position of the ring 

A meta director: is a substituent in the benzene ring that directs an in-coming 
group to the meta position of the ring 

Most activating groups are ortho-para directors, and most deacticating groups 
are meta directors (except the halogens which are deactivating ortho-para 
directors) 



••• • • # « 
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XL Compulsory Readings 



Reading #1 

Complete reference : Aromaticity: http://en.wikipedia.org/wiki/Aromaticity 
6th September 2006 also see the screen capture below: Aromaticity- Wikipedia, 
the free encyclopedia 



I* *flihr lb..a.r [iruiUlk ti«:l.iil ,. |ii1l] 






EMS 



£■ il.Mt * 4; 



y^' 



AionHbmv Wtopnhi Hz Fwi ran rkpnlu hqp 'ini »itapnlij eif-'inln. Aionubnlv 



Aromaticity 

Pi mi Wlnpfffci Ox ftw raottoyriu 

31i! amrir » cdm i rtfniml propum vf mrfrtWrs. for rtranny i nitwJ » orfor. i« ffntrmr 



Artmalifily u j cteiiiKMj properly in wbx± 3 
coiyiitMni rinf flf iinvnuupt beo<U. Iouj pum. « 
«npj' ortnoji ^hihn 3 sobilKaiwu uwifirp »lmi 
htuM br tA|*clrd by A? aabdiijlioii ci rousupiiLjaii 
ihmr ll he jIhj N: ceokufcred > nijuiitiLibtiL d 
frtbr arlDcsJiUbon .mil cd [ncoiix; Hi P3 W 



H 

HC *CH 

H 
HC^CH 

H 



I II 
HC*. ^CH 



tlui 11 uiiiiEy couiKkrfii lo be kvr-iuir rLeclruni arc 
Iiw lb cycle .limine] rtmliir acraiigeiiAeaJs cd .llcon 1 . 

u-hi^k 3i* ilun»ul! t.iir.1*. anil .*mih£»_bc«wiw1_rci.r>n* aii^dlwr Tb*u Iwvli mu' h* uw ai.a ht4wii *£ 

■*» > il 4> O 



Abstract : A brief but important discussion on the concept of aromaticity. The 
discussion is centred around the Kekule model of the structure of benzene in 
which benzene is considered a hybrid of two structures with alternating single 
and double bonds The article gives in a summary form the characteristics of 
aromatic compounds 

Rationale: The article will help you to study the major characteristics of aromatic 
compounds and prepare you better to attempt questions on aromaticity. 
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Reading #2 

Complete reference: Benzene: From Wikipedia, the free encyclopedia 

http://en.wikipedia.org/wiki/benzene 6th September 2006 

SubstitutionReactions of benzene and other Aromatic compounds(see screen 
capture below 






-* nip,,a» ^ ** M ?': I"** »n V ^ [a] e rjw^- ff '"" <d "*" *"* '^^ L ^0 






/ 



AionUtr Rtfrtirtiy 



hltp >™ Km nwMdu'imth'VDMnatteuiil rnm*tnll 



g ^j 



Aromatic Substitution Reactions 

Substitution Reactions of Benzene and Other 
Aromatic Compounds 

Th* wroifctbt SiCWily 4f lho unM»w*l*fl ItydweatiOn beni«n» h» tWi di$fti*$*j in an 
-'■ ■■' ■ - ' - rhaohemlci reaclivirv or beniene contrasts w:i lnat of Irte alkena; ntrial 
■EJjMilijIiefi reacfcons occur in prelaws* Id addition reactions, as HluslratBd n Die kniowno 
diagram (.some comparable reactions of cyctooexene are shown m Uh green box). 



4< , r~ ^ ■ »i ao 



- 



Abstract : The article mostly deals with the structure of benzene from Kekule's 
point of view that it is aresonance stabilized structure whose bonds are neither 
fully single nor double but intermediate between the two, and that all bonds 
lengths in benzene are equalent. The typical reactions of benzene are also hi- 
ghlighted in the article. 

Rationale: Although the article does not provide a comprehensive coverage of 
benzene and its reactions, it t is enough to stimulate further reading for a more 
detailed understanding of arenes and aromaticity. 



• * 
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Reading #3 

Complete reference : From Wikipedia, the free encyclopedia 

Pyrrole: http://en.wikipedia.org/wiki/pyrrole 
Furan: http://en.wikipedia.org/wiki/furan 
Thiophene: http://en.wikipedia.org/wiki/thiophene 
Pyridine : http://en.wikipedia.org/wiki/pyridine 

Abstract :The links above give free wikipedia articles on pyrrole, furan, thiophene 
and pyridine, discussing their chemistry, physical properties, and uses. There are 
a number of search engines that will lead you to many other important topics on 
these heterocyclic molecules. You are advised to follow these links to read more 
on the chemistry of these important heterocyclics 

Rationale: Pyrole, furan and thiophene are three important aromatic heterocyclics 
that are found in a number of natural products. These are aromatic systems that 
have reactions similar to benzene in that they undergo substitution reactions. It is 
therefore important that you learn of their chemistry. You will realize that furan is 
more reactive than benzene in that it even undergoes Diels-Alder reaction. Going 
throug these articles you will learn quite a good amount of chemistry of other 
heterocyclic compounds and also follow other suggested web links.. 
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XII. Compulsory Resources 



Resource #1 

Benzene: movie file 

Abstract : The film shows the benzene molecular structure and tries to answer 
the important question: what is it about benzene that makes it behave so much 
differently from other unsaturated compounds. We will see from the film that the 
answer is a simple one-the low reactivity of benzene and its derivatives reflects 
their special stability Kekule was wrong. It remained for 20 th century electronic 
theories of bonding to provide insight into why benzene is so stable 

Rationale: It is important that you see this movie because it demonstrates concepts 
in more intuitable forms which are rather abstract and normally difficult to un- 
derstand. Without the movie you would find it difficult to visualize the p-orbitals 
with their electrons being delocalized within the six carbon atoms. 

Resource #2 

Benzene 3d: movie file 

Abstract : This interesting movie shows the structure of benzene in three dimen- 
sions. The movie depicts the fully symmetrical benzene molecule. It rotates the 
molecule to show its three dimensions and its planar structure as well.l. At one 
point two of the six carbons are shown in colour, this does not in any way signify 
that the two are different, it just shows that all the six carbons are equally bonded 
to the two other carbons and to hydrogen. Probably the two carbons are shown 
in colour so that one can realize that there has been a rotation of the molecule 
otherwise it would be difficult to make any distinction. 

Rationale: 

The movie depicts the three dimensional nature of benzene, and so it assist 
you to get a better understanding of the structure of benzene, its bonding and its 
planar nature as well as its symmetry. 
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Resource #3 



Bromination-benzene: 

aromatic electrophilic substitution a movie file 

Abstract: The movie shows the acceptable mechanism of the bromination of 
benzene in a stepwise fashion. 

Step 1. starts to show the role of the Lewis acid A1C1 to activate the electro- 

phile Br 2 by polarization of the Br 2 molecule. 
Step 2. is electrophilic attack of benzene on bromine to form the intermediate 

jt-complex followed by 
Step 3. the deprotonation step is to regenerate the aromatic system of benzene 

ring. Thus bromobenzene is the product of this substitution reaction. 

Rationale: A good understanging of the mechanism shown in this movie is going 
to be the basis of understandng all the other electrophilic aromatic substitution 
reactions such as sulphonation, nitration alkylation and acylation. The difference 
is only on the electrophiles used. 



:». 
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XIII. Useful Links 



Useful Link #1 



Title : Electrophilic substitution reactions 

URL: 

http://www.chemguide.co.uk/mechanisms/elsub/halogenation.html 

http://www.chemguide.co.uk/mechanisms/elsub/nitration.html 

http://www.chemguide.co.uk/mechanisms/elsub/sulphonation.html 

http://www.chemguide.co.uk/mechanisms/elsub/fcalkyl.html 

http://www.chemguide.co.uk/mechanisms/elsub/fcacyl.html 

http://www.chemguide.co.uk/mechanisms/elsub/toluene..html 

(all visited on 14th September 2006) 



Screen capture 
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Aromatic Substitution Reactions 

Substitution Reactions of Benzene and Other 
Aromatic Compounds 

The rentaTksbte stability of 1w unsaturated hyidrocartson benzene has been dscussed in an 
a»fl:w MMJiai The «Nwn»ail machv^y or.-flrjsrn contrasts rfilh shaftf rha alkarww. - -toe. 
subsl 1i.rbon reactions occur it preference to ad: lien reactions, as HUstrafied n Ate 'd twiig 
dagram ivane comparaHe reactions, of cyctohesene are slKmn n Che green trot.. 
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THE HALOGENATION OF BENZENE 



This page gives: you the last and a simple, uncluttered 
rnucriuriuni (Or tie uluuO'ojjtiilius.ubLJliluo'un reici™! betivwn 
benzene and chlorine or bromine in the presence of a calalysl 
-.1/ :i ; *-_-■ i! i:;. i (.-' '■!■■ ■■:-'■ i- ■: ! ,* : .-..-i: ! :\i.- ■■ -< liA-ii>;rri 
explairtot) to you in detail , thcffl i4 a li nk ai lf» BCBOBI fil tW 
I as- 



The dec trephine substitution reaction between 
benzene and chlorine or bromine 

The facts 

Benzene roa;fe win chlorine or brc-nine in an elecrrophilie 
Ri*Rlihiti(in nswidon. bin nnii' in rhs prpRsnnp fit' a data! yf.l r he 
ualulyjliu '-'ill'-' 1 -_s urni ■ li.ji 1 1 :_:| i| i.-ri J'j (or aJumint urn brornidt ilyOu 
axe feaefng benzene wi Ih brcni ne) or iron. 
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THE NITRATION OF BENZENE 



This page gives you the taste and a simple, uncluttered 
muchanisffi (or me eliKu-oshiliceubsiiiun'on reaction tjetivwn 
benzene and a mixture ot concent/aled ni trio acid and 

4:.::rK:HnliH.lMd--;!l:.l ii::: <* - :d II you wvinl Hie r:ifr*ilioii n>**:!i^-ii:-.rii 

explained to you in detail, there is a link at the bellom 61 rhe 
pag= 



The dec trephine substitution reaction between 
benzene and nitric acid 

The foots 

Benzene is treated wifri a mixluro ot conoonrmlod nitric acid eic 
fi«nnBnrra.lBdfciilflhiJrifi snirt a.1 a remnflram'Fj not exfieerting $& 
C ftj :i-'ii!p'-- ijtuiu intreauuu Itiviu isi J Hruiitur uhunuw ol uulliriy 
mc - e ilai one rtri:- g-oup, -N .'.„ substifejoed onlo il"= ring 
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THE SULPHONATION OF BENZENE 



This page give? you Ihe 1ao6 and a simple, urclultiered 
mocharism (Or tif uluu&oytiiliu^utKJlilua'on rvduliuri bvhMrun 
benzene arid sulphuric wid (cireulphur aiewioley II yvU wanl Ihis 
m»chsniKB explained loyQuirii 4*4)1. titw* i* Mint nl II it? 
bollom ol Iho page. 



The e I ectrophilic substitution reaction between 
benzene and sulphuric acid 

The fur t« 

There are fcvo equiuSanr wnyi offjpl-ionaing b*n«»rir 

• I leal benjene. unrfer retliw '.vim irnrwenlraled Riiphuric 
add ftsfMvsral hours. 
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THE FRIEDEL-CRAFTS ALKYLATION 
OF BENZENE 



The page gives yuu Itw iaofc and a simple, urdulbered 

rrmihiMriistm tai fi« HlK:IH)jihili(:!>ijbKlit;jBnnr«»*::li<)[i l»fhvK<?i: 
benzene and chlccomOTriano in Bio prrac-reo o) an aluminium 
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i'titj in delail. IhRre is a link ai Iha bcHrosn ni iha page 



The el ectrophilic substitution reaction between 
benzene and Ghlonome thane 

What a alleyanoiff 

Alkvldlion muiiri^ubtiliruirig uri dlkvl yi*'JL' r lu uomuT'iiriy in 
Ihis case inlo a benzene ring A hydroger on rie r.rg is replaced 
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THE FRIEDEL-CRAFTS ACVLATION OF 
BENZENE 



This page giues you Ihe iaete and a simpl e. uncluHered 
m«c:hiMi •■■ litii M« H|K:lro:.<l !■■ • :L:-::i in r«jc:li<>i :■::.•■ 
benzene and eihanoyi chloride in Ihe presence, of an alumir u n 
fir! '"iri fie naialysr II you wanl the I rierleM Iralis anylalinn 
m.. _:i =-n _,n ■.■■!. aiiit'U I'J \~iu i ■JwUil.nupuiua irikalltK 
bottom of Ihe paga 



The C I cctrophtllc substitution reaction between 
benzene and elrianoyl chloride 

Wtun is aeytation? 

An auyl uroup in *i alkyl flroup miijehuti If a 
carbon-oxygen double) bond. It - H - represent any 
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ELECTROPHILIC SUBSTITUTION INTO 
ALREADY SUBSTITUTED BENZENE 
RINGS 



This page discusses ms* problems whksh arise it you try » wri» 
me mBChaniam lor an fllBfirophilinKiitKn'miion reaction into a 
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Description: Electrophilic substitution reactions are the main reactions of benzene 
and its derivatives. These are discussed in the articles whose links are given above. 
Halogenation which can be by bromination or chlorination are typical examples; 
Nitration which introduces the nitro group, a group which can easily be reduced to 
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the amino group and then be used in manufacture of azo dyes or be usesd as nitro 
derivatives of benzene in pesticides; sulphonation is also an important process in 
which the sulphonic cid group can be transformed into OH to get phenol which is 
a very important functinal group, the sulphonic acid group itself is also important 
in the dye industry. The Fiedel-Crafts alkylation and acylation reactions are also 
discussed. In all these reactions the mechanisms are also discussed. Finally there 
is discussion on substitution reactions of toluene as an example of a substituted 
benzene undergoing reactions. In this we see the possibility of getting isomeric 
derivatives of toluene. The aspects which could not be understood from the short 
compulsory reading can now be understood from these discussions. It is very 
important that you study these articles. The fact that the methyl group directs an 
incoming group to the 2, and 4-positions ( the ortho and para positions) , the 
alkyl group in this case the methyl group is an ortho-para director. Substitution 
in nitrobenzene is also discussed and that the nitro group directs an incoming 
group to the meta position i.e. it is a meta director. 

Rationale: A good understanding of electrophilic substitution reactions, amounts 
to understanding the chemistry of benzene and its derivatives. All the reactions 
of benzene follow a very similar pattern mechanistically. This understanding is 
crucial even in the understanding of the many industrial processes where benzene 
or its derivatives are used as row materials. 
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Useful Link #2 



Title :Bonding in benzene 



URL: 



http://www.chemguide.co.uk/basicorg/bonding/benzenel.html 
(visited on 15th September 2006) 



Screen capture : 
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BONDING IN BENZENE 

The Kekule structure for benzene, C^H^ 

b b 

What la Ih* K«ltula structure? 

Kskul* was Ihe frst Do stiggesl a sensible 

xfrixilliw Inr bwrijwrtw Hlkf CHrborcs jam 
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Description: It discusses the structure of benzene and bonding from kekule 
point of view. The structure is given as a hexagon made of six carbons leaving 
out the hydrogens. The paper discusses the Kekule structure in terms of its 
shortcomings pertaining to the chemistry of benzene, the shape of benzene and 
the unusual stability of benzene. 

Rationale: A good article which discusses the merits and demerits of the Kekule 
proposal of benzene structure. 

The concept of bonding in benzene is is important but rather complex,. It is 
therefore important that you get a good grasp of the concept from this and other 
related articles.. 
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Useful Link #3 

Title : benzene-Safety and Health Topics 

URL : http://www.osha.gov/SLTC/benzene/ (visited on 15th September 2006) 



Screen capture : 
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Description: This article gives information on the hazardous nature of benzene. 
Benzene is harmful to our health because it is carcenigenic and therefore we 
should handle it with care. We should avoid contact to our skin, our eyes and 
also we should avoid inhaling it. If we swallow banzene accidentally we should 
immediately consult a doctor. 

Rationale: It is important that you know the hazardous nature of the chemicals 
you deal with. This helps you to know the precautions you should take in case 
you are to handle it. In industry employers have to know these facts so that they 
do not expose their workers unnecessarily to the harmful effects of benzene and 
its compounds. 
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Useful Link #4 



Title : Heterocyclic compounds 

URL: 

http://www.cem.msu.edu/%7Ereusch/VirtualText/heterocy.html 
(visited on 15th September 2006) 



Screen capture 
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Heterocyclic Chemistry 



Heterocyclic Compounds 

Compounds cFaHlfled » heterocyclic probably canstftut* Hi* largest and 
m«t variid family of orastnk compounds, Alttr ill. «v«ry oarbo cyclic 
compound, regardless of structure and funtd on alley, may In principle b* 
convartad into a collection of hatorocyclic analogs by rapljcing on* or niDn 
of the ring carbon litem? with a different element. Even if we restrict eur 
coniidantlon Td oxygan, nhrogan and tuirur (the motr comma n heterocyclic 
element), the penrn utationsi and tenibinitien* «f *u<;h a replacement are 
numerous. 



Nomenclature 

□•viiing a systematic nomenclature system for hatero cyclic compounds 
presented a formidable challenge, which has net been uniformly concluded. 
Many hereroeyc lei. especially amines, were Identified ea^rty on, and received 
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Description: Extensive chemistry of heterocyclics including that of pyrrole, fu- 
ran, thiophene etc. elctrophilic aromatic substitution reactions of pyrrole, furan, 
thiphene are discussed, including their mechanisms.There are also reactions of 
pyridine to form N-substituted derivatives of pyridine for example N-acetyl py- 
ridinium chloride obtained by reaction of pyridine with acetyl chloride. There are 
also other lead links that discuss Friedel Crafts reactions of benzene, but for the 
purpose of this unit you should pay special attention to the chemistry of pyrrole, 
furan, thiophene and pyridine. 

Rationale: 

The link has a very extensive coverage on chemistry of heterocyclic aromatic 
compounds, it also covers non aromatic compounds, but for the purpose of this 
module you should concentrate on the aromatic systems only. 
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Useful Link #5 



Title : Introduction to Insecticides; extract from IPM Textbook Pesticides 6 th 
ed. 2004 by George W. Ware and David M.Whitacre, available for online 
purchase. Publisher: MeisterPro Information 



URL: 



http ://www. ipmworld.umn.edu/ 
(visited on 15 th September 2006) 



Screencapture: 
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Description: An extensive coverage of pesticide chemistry involving derivati- 
ves of benzene as the insecticides, typical application of benzene chemistry in 
pesticides. It covers organochloro pestides such as DDT, hexachlorocyclohexane 
HCH, organophosphate, malathion, carbamates, dinitrophenols and pyrethroids 
Structures of many of these pesticides are given. This should give a good refe- 
rence material on pesticide chemistry. 

Rationale: Pesticides are important in pest management in general and in agricul- 
ture in particular. Many tons of agricultural crops are destroyed by pests. Hence 
a good understanding of how pesticides are manufactured (from benzene and 
benzene derivatives) is important for you as a chemistry student to get the feel 
of the importance of chemistry in our everyday life. 
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Useful Link #6 



Title : Electrophilic substitution-Animation on mechanism of nitration of 
benzene 

URL: 

http://www.mp-docker.demon.co.uk/as_a2/topics/arenes/electrophilic_subs- 
titution.html 



Screen capture : 
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Description: Avery good animation that shows clearly the stepwise mechanism 
of nitration of benzene to give nitrobenzene. It starts with the generation of the 
nitrating agent, the nitryl cation (N0 2 + ) ( also called nitroniun ion) from a mixture 
of nitric acid and sulphuric acid. This is followed by attack of benzene on the 
nitryl cation to form an unstable intermediate which then breaks down to give 
the product nitrobenzene and a hydrogen ion H + . 

Rationale: Meechanism of reactions are dificult aspets in chemistry for students 
to understand . This animation will be a very good way to make students grasp 
the concept involved appropriately. 
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Useful Link #7 

Title :Powerpoint in the classroom: creating slides 

URL: 

http://www.actden.com/pp/index.htm 



Screen capture : 
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Description: This gives a good lesson on use of powerpoint as a tool for teaching. 
It covers the topics: Meeting Powerpoint, creating slides, making changes, adding 
images and charts , adding motion, adding sound, timing and rehearsing and 
taking it with you. It is in a form of tutorials that the student teacher can follow 
and get the necessary knowledge to enable him/her prepare a presentation using 
powerpoint. 

Rationale: Powerpoint is a very useful tool in teaching. It makes the presenta- 
tion interesting to the student . It is therefore important for anyone who intends 
to teach using ICT facilities to know use of powerpoint. 
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Useful Link #8 



Title : BONDING IN BENZENE-SP 2 HYBRIDIZATION AND DELOCALIZATION 



URL: 

http://www.chemguide.co.uk/basicorg/bonding/benzene2.html 



Screen capture : 
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Description: This discusses bonding in benzene based on the knowledge gai- 
ned from bonding in aliphatic compounds like methane and ethene. Thus, the 
knowledge of electronic configuration of carbon, hybridization of orbitals comes 
in here. It is therefore important that you revise these concepts so as to follow this 
discussion better. The article also gives other useful links that can be followed. 

Rationale: The concept of bonding in benzene is important in order to un- 
derstand benzene structure and its reactivity. It is important that this is studied 
thoroughly. 
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Useful Link #9 



Title : The Names Of Aromatic Compounds 

URL: 

http://www.chemguide.co.uk/basicorg/conventions/names3.html 



Screen capture : 
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Description: The article gives a good introduction to nomenclature of aromatic 
compounds. It gives examples of monosubstituted benzene derivatives as well 
as disubstituted derivatives. . It also gives some common names which are tra- 
ditional, not based on the rules discussed in here. It also gives other additional 
links which lead to nomenclature of other organic compounds. 

Rationale: The nomenclature of organic compounds is a bit complex, it is the- 
refore important that you follow this introductory discussion on naming organic 
compounds well, so that as the nomenclature becomes more complicated you 
will be able to follow it. 



••• • • # « 

ss • 

African Virtual University 37 

m ••*■•■« •• 

• ••■••• •• 



Useful Link #10 



Title : Electrophilic Substitution Into Already Substituted Benzene 
Rings 

URL: 

http://www.chemguide.co.uk/mechanisms/elsub/toluene.html 
http://www.chemguide.co.uk/organicprops/arenes/halogenation.html 

Screen capture : 
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Description: This discusses the problems encountered when there is already 
a group within the benzene ring and we want to introduce another group. The 
problems are based on: 

• Where in the ring will the substitution occur and how is the mechanism 
affected by the already present group? 

• Can the group already present get involved in any way? 

A discussion of the effect of different substituents to to reactivity and orientation 
of the incoming group is given There is also a discussion of the mechanisms of 
electrophilic aromatic substitution reactions. 
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Rationale: This is a very good site to learn quite a lot on electrophilic aromatic 
substitution reactions of already substituted benzene rings. A good study of this 
site plus the other links sited therein will make you be in agood position to attempt 
successfully many examination questions on this very important topic. 
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XIV. Learning Activities 

Title of Learning Activity : Aromatic nature of benzene 

Summary of the learning activity 

Unit I Aromaticity 

At the end of this unit you should be able to: 

(a) define the concept of aromaticity 

(b) give an argument in favour of the Kekule structure of benzene and show 

how the other possibilities can be rejected 

Summary 

Aromatic compounds now are benzene and related molecules which are : 

• cyclic conjugated molecues 

• unusually stable and tend to resist any reaction that would disrupt the 
conjugated structure 

• planar molecules and 

• undergo substitution reactions instead of additions which are typical of 
unsaturated molecules 

All aromatic molecules have 4n+2 it-electrons where n is an integer. This is the 
Huckel's 4n+2 rule on aromaticity The structure and stability of benzene is 
discussed. The main discussion on reactions of benzene appears in unit II. For 
better understanding of this unit use of multimedia facilities is advocated. 

Key words 

Aromaticity 

Kekule structure 

Conjugated system 

Stability 

4n+2 it-electrons 
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List of relevant readings 

FromTextbook Revolution- Taking the Bite out of Books 
http://textbookrevolution.org/chemistry/ 

1 . Virtual Textbook of Organic ChemistryOrganic Chemistry by William 
Reusch 

2. Organic Chemistry by Richard and Sally Daley 

3. Organic Chemistry Practice Problems by William Reusch 

List of relevant resources 

1. A computer with internet facility to access links and copywrite free re- 
sources 

2. Models on CD-Rom for aromatic structures 

3. Physical models for structures 

4. Multimedia resources like video, tereconferencing,CD-Rom 

List of relevant useful links : 



Textbook Revolution -Taking the Bite out of Books 
http://textbookrevolution.org/chemistry 
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Detailed description of the activity 

Aromatic Compounds 

The concept of Aromaticity: benzene and aromaticity 

Introduction 

In the early days of organic chemistry the word aromatic was used with a cono- 
tation of odour of fragrant substances. This was true at that time because most 
of the early aromatic compounds were indeed fragrant since they were obtained 
from natural sources such as balsams, resins or essential oils. Examples of these 
were benzaldehyde (from cherries, peaches and oil of bitter almonds), benzoic 
acid and benzyl alcohol (from gum benzoin), toluene (from tolu balsam), and 
benzene (from coal tar). 

CH 3 o 

CH 7 OH 



benzene toluene 




benzaldehyde 




benzyl alcohol 



However, it was soon realized, that substances grouped as aromatic differed from 
most other organic compounds in their chemical behaviour. 

Nowadays we use the term "aromatic", not in the sense of odour or fragrance but 
to refer to benzene and its structural relatives-arenes that are much more stable 
than we expect them to be based on their formulation as conjugated trienes. The 
association of aromaticity with fragrance has long been abandoned. 

Our goal in this module is to develop an appreciation for the concept of aromati- 
city, to show that aromatic compounds exhibit chemical behaviour quite different 
from that of the aliphatic compounds covered in earlier modules., Aromatic hy- 
drocarbons are benzene and compounds that resemble benzene in their chemical 
behaviour. Aromatic properties of benzene are those properties which distinguish 
it from aliphatic hydrocarbons. 

In the nineteenth century, benzene was shown to have the empirical formula 
CH. Later its molecular formula was shown to be C,£L This itself was a rather 

6 6. 

surprising discovery. Benzene has an equal number of hydrogen atoms as carbon 
atoms in its molecule while for most compounds the ratio of hydrogen to carbon 
is much higher, usually twice as many. Benzene with a formula of C 6 H 6 or with 
general formula C n H 2n must consist of highly unsaturated molecules. It has an 
index of hydrogen deficiency (also known as double bond equivalent) equal to 
four. However, as we will see in this module, benzene and other aromatic com- 
pounds are characterized by their tendency to undergo substitution reactions 
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characteristics of saturated compounds rather than addition reactions which are 
typical of unsaturated compounds. 

Kekule was the first man to recognize that early aromatic compounds all contain 
a six-carbon unit and that they retain this six-carbon unit through most chemical 
transformations. 

Molecular formula of benzene, Isomer number, and the Kekule structure of 
benzene. 

From its elemental composition and molecular weight, benzene was known to 
contain six carbon atoms and six hydrogen atoms. The major question was: how 
are those atoms arranged? This was a question that was difficult to answer for 
many years. In middle nineteenth century Kekule had proposed that the carbon 
atoms can join to one another to form chains. It was in 1865 that he offered an 
answer to the question of benzene that those carbon chains can sometimes be 
closed to form rings. 

There are a number of structures which have been proposed and which are 
consistent with the formula C 6 H 6 a number of them, cyclic as well as acyclic. 
Some examples of these are: 



<^^ CH2 CH3-CEC-CEC-CH3 CH 2 =CH-CEC-CH=CH 2 

B C D E 

Dewar benzene 



The following are some important aspects considered in the argument towards 
the most probable structure of benzene: 

Possible isomer number 

(i) Benzene yields only one monosubstitution product C 6 H 5 Z. For example only 
one bromobenzene, C 6 H 5 Br is obtained when one hydrogen atom is replaced by 
bromine, only one chlorobenzene C 5 H 5 C1, and only one nitrobenzene, C 6 H 5 N0 2 
etc. has ever since been made. This implies that each hydrogen in benzene must 
be equivalent to every other one since the replacement of any one of them gives 
the same product. Based on this it can be argued that structure E must be rejected 
since it would yield two isomeric monobromo derivatives. Similarly structures 
B and C are unsatisfactory and must be rejected. 
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Question 

How many monosubstitution products would each of structures B and C yield? 

To this point, structures A and D are still candidates; they qualify the monosubs- 
titution isomer number criterion. 

(ii) Benzene yields three disubstitution products, C 6 H 4 YZ or C 6 H 4 Z 2 . Thus, three 
and only three isomeric dibromobenzenes, C 6 H 4 Br 2 , three chloronitrobenzenes, 
C 6 H 4 C1N0 2 etc. have been made. This fact limits our choice on the possible 
structure of benzene even further, for example, structure D must now be rejected 
since it fails this test. (Why?). This now leaves us with only A as a possibility 
for the structure of benzene. 



Question 

How many disubstitution products would D yield? 

So far it looks as if structure A is consistent with this new fact. For example, 
we can expect three dibromo derivatives as shown, the 1,2, the 1,3-, and the 1,4- 
dibromo compounds. 

Br 



Br 



Br 
1 ,3-Dibromobenzene -| ,4-Dibromobenzene 





1 ,2-Dibromobenzene 



But is it true that structure A is fully satisfactory? 

If we look at structure A with a keen eye we realize that two 1 ,2- dibromo isomers 
(F and G), differing in the positions of bromine in relation to the double bonds 
should be possible for structure A: 

Br Br 

Br Br 



F G 

Kekule visualized the benzene molecule in terms of two structures H and I between 
which the benzene molecule alternates. 

Consequently the two 1,2- dibromobenzenes F and G would be in rapid equili- 
brium and thus could not be separated. 
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H 



r^, 



Br 



Br 



Br 



Br 



F 



G 



The two structures of benzene which are said to be in rapid equilibrium are what 
are now represented by the structure J. This is what is known as the resonance 
stabilized structure of benzene or hybrid structure 




Which does not show alternate double and single bonds? This in fact is in agree- 
ment with the fact that the 

bond lengths for C-C in benzene are all equal and that they are intermediate 
between single and double bonds. On what 3 premises did Kekule base his 
reasoning?: 

1. Benzene is CJT 

6 6. 

2. All the hydrogens of benzene are equivalent. 

3. The structural theory requires that there be four bonds to each carbon 
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Formative evaluation 



Qn 1. What are the necessary features for a compound to be aromatic? 

Qn. 2. A number of structures have been proposed as possible structures for 
benzene, for example the so called Dewar structure below 




Dewar structure of benzene 

How many monosubstitution products would this give if for example one hy- 
drogen were replaced by bromine? 

3. The following compounds A-D have the formula C 6 H 6 . 

(i) for which of these compouds, if any, would substitution of bromine yield only 
one monobromo product? 

(ii) Which of these would you expect to react with bromine by substitution only? 
support your answer by giving convincing arguments 

H( C CH2CH2 ( 

A 



ECH 



CHE 



CH 7 



:CH CH = 



=C- 

H 



ECH 



CH 7 



CH 3 CH 2 - 



-CEEEEEC CE 

E 



— CH 2 CEEEEEEEC CH 3 

B 
=CH CEEEEEEEC CH^=CH 2 

D 
ECH 



Sample answer to part (ii) above: All the above compouds are aliphatic and 
have multiple bonds (double bonds and/or triple bonds. Therefore all of them are 
capable of undergoing addition reactions across the multiple bonds. The answer 
is therefore none of these compounds would react with bromine by substitution 
alone. 
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Learning activities 

1. Read the chapter on aromaticity in Vrtual Organic Chemistry by William 
Reuch. Follow the arguments given on the nature of reactions of benzene (pay 
special attention to the following: 

that despite the high unsaturation of benzene, it does not undergo addition 
reactions as alkenes or cycloalkenes do 

that one and only one monosubstitution prouct is possible for benzene 
that there can be only three disubstituted benzenes e,g. three dibromoben- 
zenes. Draw the stuctures of the dibromobenzenes and name them using 
the IUPAC system. 
2., the story or history of the structure of benzene is such that it warrants writing 
a well arranged argument on how its structure was arrived at. 

Write an essay on the structure of benzene. Start with the fact that its molecular 
formula is C 6 H 6 and argue to arrive at the Kekule structure. Show clearly how 
other acyclic and cyclic structures fail to qualify based on the possible isomer 
number of mono and disubstited benzene derivatives. You may dicuss with 
a colleague first then you should each write the essay on your own and later 
compare notes. 

All this can easily be done througn e-mail via ttachment. You can give each 
other comments so as to improve your understanding of the subject matter. 
You may also decide to chat through internet. 
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Learning activity # 2 

Title of Learning Activity : Benzene and its derivatives 

Summary of the learning activity 

Unit II: Benzene and its derivatives 

(a) do practice problems related to the possible isomer number for mono 
and disubstituted benzene derivatives from Organic chemistry practice 
problems text book by William Reusch 

(b) name different benzene derivatives using the IUPAC system of nomen- 
clature 

(c) carry out qualitative and quantitative exercises on electrophilic aromatic 
substitution reactions of benzene and its derivatives 

(d) do practice problems related to the effects of different substituents present 
in benzene ring on the reactivity of the ring and orientation of incoming 
group to the ring. 

e) perform hands-on experiments involving different electrophilic subs- 
titution reactions of benzene derivatives under laboratory conditions. . 
For this, open learning institutions are encouraged to arrange practical 
sessions with other learning institutions which have facilities. This is 
normally the practice with open universities eg the Open University of 
Tanzania (OUT). 

(f) do hands-on synthetic reactions involving transformation of benzene 
derivatives into simple industrially important molecules eg simple azo 
dyes (same as (e) above) 

Key words 

IUPAC nomenclature 

Benzene derivatives 

Substituent 

Electrophilic aromatic substitution 

Reactivity and orientation 
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List of relevant readings 

FromTextbook Revolution- Taking the Bite out of Books 
http://textbookrevolution.org/chemistry/ 

1 . Virtual Textbook of Organic ChemistryOrganic Chemistry by William 
Reusch 

2. Organic Chemistry by Richard and Sally Daley 

3. Organic Chemistry Practice Problems by William Reusch 

List of relevant resources 



List of relevant useful links : http ://anchem.umu. es/cgi bin/pointer.exe ? 

Demonstration 

Isolation of caffein from tea:- 

A microscale experiment using one or more tea bags and clean dichloromethane, 

extrtion of the caffein from water 
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Detailed description of the activity 



Reactions Of Benzene 

Benzene is an unsaturated hydrocarbon. One would expect it to undergo addition 
reactions typical of unsaturated compounds such as. the decolorizing of bromine 
in carbon tetrachloride, the decolorizing of potassium permanganate by oxidation, 
that it would undergo hydrogenation in the presence of a catalyst easily. In fact 
benzene does none of these. 



No reaction 




No reaction 



NO reaction 



Slow addition at high 
temperature and pressure 



Surprisingly benzene does react with bromine but only in the presence of a Lewis 
acid catalyst such as ferric bromide; however, it undergoes substitution reaction 
rather than addition 
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Br 


\ 


Br 2 /CCI 4 


c 


Br N^ 




2 /v * 

Addition 




Br 


Br 
Br 






^ 


r / Br Br\J\ 


/Br 




Br 


Br Br / Y^^ 

Br 

Not observed 


"""Br 



Benzene undergoes similar substitution reactions with chlorine in the presence 
of (i) ferric salt, 

.CI 



Cl 2 , FeCI 3 



+ HCI 



(ii) with nitric acid in the presence of sulphuric acid, 
HN0 3 / H 2 S0 4 



(iii) with S0 3 in the presence of sulphuric acid and 
S0 3 /H 2 S0 4 



-NO, 



+ H 2 



.SO.H 



(iV) with an alkyl halide in the presence of aluminium chloride 

^^ CH-,CH 9 Br/FeBi-3 ^v/CH 2 CH 3 

*~ + HBr 



^^ 
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MOST IMPORTANT ELECTROPHILIC AROMATIC 
SUBSTITUTION REACTIONS OF BENZENE 

Bromination of benzene 






FeBrj 



Bromination 



Bid mo benzene 



Chi on nation of benzene 






CI, 



FeCU 



Ch tori nation 



:i 



Ch Id ro benzene 



Nitration of benzene 



^ 



Nitration 



.NO, 



Nitrobenzene 



Sulphonation of benzene 



o 



HjSO, 



so. 




Sjlphonation ^-^ 

Benzene jI phonic acid 



Fried el> Crafts alkylation of benzene 




^ ttfid 



CHjBr/FeBrj 




Hj 



Friedel- Crafts 

alkylation Toljene (methyl benzene} 



F riedol-Crafts acylati on of benzene 






^l. ^rtf-, AlCiy excess benzene 

+ LrrljLrULrl * 



.COCHj 



Friedel -Crafts acylation ^^ 

acetopnenone 
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Let us examine the application of some of these processes more closely 

Nitration of benzene 

The nitro group in the aromatic ring is an important substituent in that it can be 
easily reduced using stannous salt SnCl 2 in HC1 to transform the nitro group 



to an amino group. 
,N0 2 




Sn/HCI 



Reduction 



Nitrobenzene 



NH 5 



Aniline (aminobenzene ), 
a primary amine 




Primary aromatic amines, on the other hand are important intermediates in the 
dye industry, diazotization of primary amines followed bycoupling the resulting 
diazonium salt with an appropriate coupling component is a route to a good number 
of synthetic azo dyes. The amino group is an activating group, it there activates 
the ring to allow introduction of other groups to the ring easily, this expands the 
possibility of having a variety of substituted benzene derivatives and thus a 
possibility to transform these to a variety of azo dyes. Therefore chemists do not 
carry out nitration of benzene for the sake of just doing some chemistry, it has 
very practical applications. 



Nitration 



fi J. reduction / — \ 
<: ;— N0 2 ► <^J^NH 2 




SnCI,/HCI (cold) , . „ 

< 7 x ) — NH=NH CI 



Diazotization 



coupling with CH 3 

p-methylphenol 
p-cresol 



benzenediazonium salt 



' 








/= 


=\ 


OH 




V 


J 


— N=NK/L 








CH 3 
4-Methyl2-(phenylazo)phenol 






An azo dye 
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Sulphonation of benzene 

Aromatic sulphonic acids are important intermediates in the preparation of in- 
dustrially important molecules such as dyes and pharmaceuticals. For example, 
the long time antibiotic sulphanilamide is one of many sulphur drugs which 
involve a sulphonation step in its manufacture . As the name implies many of 
these sulphur drugs are amides of aromatic sulphonic acid, thus the precursors 
for sulphur drugs are aromatic amines and aromatic sulphonic acids, compounds 
which originate from nitration and sulphonation of benzene or its derivatives. 
Sulphanilmide has chemotherapeutic effect against many diseases including the 
deadly killer diseases in Africa, like cholera.There are now many analogues of 
sulphanilamide which have even better chemotherapeutic effects but all in all they 
all depend on electrophilic substitution reaction of benzene and its derivatives. 
Here are some examples of such drugs: 



H 2 N0 2 S- 



-Nl-U 



Sulphanilamide 



s ulpharpyridine 




SO,NH 



pyridine component 



SO,NH 




[| 1 | s ulphathiazole SO?NH 

s ulphadiazine V^x^^ 




diazine component 



thiazole component 



Reactions of substituted benzene derivatives 



Benzene reacts with electrophiles ( species which are poor in electrons ) because 
itself is rich in electrons due to its easily accessible m-electron system. If ben- 
zene has another group attached to it , its reacivity will be changed depending 
on the nature of that group. If it is an electron rich group, one which can donate 
electrons to the benzene ring, then the benzene derivative will be more reactive 
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towards electrophilic aromatic subatitutions than benzene itself. If the group is 
electron-poor, one which tends to withdraw electrons from the benzene ring 
then the benzene derivative will be less reactive than benzene. Substituents that 
make the benzene ring more reactve are called activating groups or activators, 
and those substituents that make the ring less reactive are called deactivating 
groups or deactivators. Activators are normally have electron donating effect 
to the ring either by resonance or by induction while deactivators have electron 
withdrawing effect. In addition to activating and activating effects, the presence 
of a substituent on the ring has a secong effect, that of orienting an incoming 
group to go to a particular position on the ring. Substituents are subdivided into 
two groups in this sense, there are those that direct incoming groups to the ortho 
and para positions and those that direct incoming groups to the meta position. 
So we have the so called ortho-para directors and meta directors. Except for a 
few exceptions eg the halogens, normally the activating groups are ortho-para 
directors while deactivating groups are meta directors. Except the halogens 
which are deactivating but ortho-para directors. 

The Stability Of Benzene 

We have seen in unit I of this module that benzene is unusual in its behaviour in 
that it undergoes substitution reactions rather than addition reactions expected 
of it on the basis of its Kekule' structure. Benzene is also unusual in its stability, 
it is more stable than what the Kekule' structure suggests. Let us consider the 
following: 

Cyclohexene, a six-membered ring containing one double bond, can be hydrogena- 
ted to cyclohexane and generate 120 kJ/mole, so much like that of any alkene. 




+ H, 



Pt catalyst 




Cyclohexene cyclohexane 

AH°= -120kJ/mol 



We would expect that hydrogenation of 1,3-cyclohxadiene would liberate roughly 
twice as much heat and thus have AD° = 240 kJ/mol/mol. Experimentally the 
result is -232 kJ/mol which is quite close to the calculated value. The difference 
can be explained by taking into account that compounds containing conjugated 
double bonds are usually more stable than isolated double bonds. 

If we extend this thinking and consider benzene to be 1,3,5-cyclohexatriene, we 
would expect that benzene should liberate approximately thrice as much energy 
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as that of cyclohexene i.e. (3 x -120) = -360 kJmol. Experimentally, however, the 
amount of energy liberated by benzene is surprisingly different. The reaction is 
exothermic alright but the amount liberated is 1 50kJ/mol less than expected. Thus 
benzene is more stable than the hypothetical 1,3,5-cyclohexatriene by 150kJ/mol. 
The difference between the amount of heat actually released and that calculated 
is what is reffered to as the stabilization energy of the compound, in this case 
of benzene.This is also known as the resonance energy or the derealization 
energy. Thus the resonance energy of benzene is 150kJ/mol. It is a measure 
of how much more stable benzene is than would be predicted on the basis of its 
formulation as a pair of rapidly interconvertingl,3,5-cyclohexatrienes. 
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Formative evaluation : Learning activities 

Consider the following molecules: 

Both cyclopentadiene and furan have each two double bonds, however when 
both are subjected to bromination in carbon tetrachloride this is the result: 




Br 2 /CCl 4 




decolorization of bromine \ 

\ 

cyclopentadine Br 

product 



Br 2 /CCl 4 
► No reaction, bromine colour persists 




furan 



Explain the above observation based on what you have learned so far. 



Learning activities: Simulation Experiment 

1. Perform a simulation experiment to show reaction of cyclohexene with 
Br 2 in carbon tetrachloride 

2. Perform another similar experment using a similar set up but use toluene 
in stead of cyclohexene 

Resources needed: 

Bromine in carbon tetrachloride 

Cyclohexene 

Toluene 

Pipette 
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The aim of this simulation is to demonstrate that unsaturated aliphatic hydrocar- 
bons such as cyclohexene decolourize bromine because they undergo addition 
reaction easily to give the dibromo compound whereas unsaturated aromatic 
hydrocarbons eg toluene under identical conditions do not undergo addition 
reactions and the bromine colour persists. 



add drops of bromine in 

carbon tetrachloride. 

Note the typical colour of bromine 

Shake and observe colour of 
bromine disappearing 




In an ernerlmeyer flask 




product observed in the 
reaction vessel is 
colourless 




add a few drops of bromine solution 
in carbon tetrachloride 



a solution of toluene in 
carbon tetrachloride in an erlenmeyer flask 
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Learning activity # 3 

Title of Learning Activity : HeterocyclicArmatic Compounds 

Summary of the learning activity 

Unit III: Heterocyclic Compounds: These are aromatic compounds in which 
one or more of the carbons forming the ring has been replaced by a hetero atom 
eg O, N, or S 

Typical examples of heterocyclic aromatic compounds 

Electrophilic aromatic substitution reactions of furan, thiophene and pyrrole 

Furan, thiophene, and pyrrole as examples of 5 -member ring monoheterocyclics, 
Pyridine,quinoline 

Key words 

Heterocyclic aromatic compound 
Electrophilic aromatic substitution 
a hetero atom 
5-member ring 
monoheterocyclic 

List of relevant readings 

http://en.wikipedia.org/wiki/Aromaticity 

List of relevant resources 

List of relevant useful links 

Title heterocyclic compounds 

URL: 

http://www.cem.msu.edu/%7Ereusch/VirtualText/heterocy.html 
(visited on 15th September 2006) 
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Detailed description of the activity 



Heterocyclic aromatic compounds 

Definition of heterocyclic aromatic compounds: 

A heterocyclic compound is one in which all the atoms forming the cyclic sys- 
tem ar not of the same type. Thus a heterocyclic aromatic compound is a cyclic 
aromatic compound with one or more atoms forming the ring other than carbon. 
One such example is pyridine in which one carbon of the benzne ring is replaced 
by nitrogen ( see structure below): 

Pyridine 

Benzene and its derivatives that we discussed in units I and II of this module are 
not heteroyclic.because all the atoms that form the benzene ring are carbons. 

The most common hetero atoms in many heterocyclic aromatic compounds are 
oxygen, nitrogen and sulphur. Heterocyclic aromatic compounds are quite com- 
mon in nature. Some of these natural heterocyclics appear in complex molecules 
such as DNA molecule , the molecule which is responsible for storage of genetic 
information, and RNA, the molecule involved in the synthesis of enzymes. 

In this unit we are going to learn about simple heterocyclic aromatic molecules 
as representatives of this group of compounds, we will in particular, study the 
five member ring heterocyclics furan, pyrrole and thiophene. For the six member 
ring sytem we will study pyridine and quinoline, a fused ring system consisting 
of benzene and pyrine components. 

The structures of of furan, pyrrole thiophene, pyridine and quinoline and are 
shown in Kekule form 



H 



o o o 




furan pyrrole 



thiophene pyridine 

quinoline 



Let us compare pyrrole, both with nitrogen as the hetero atom. In pyrrole the 
nitrogen does not have a double bond, therefore it does not contribute one pi 
electron as the case in pyridine where the nitrogen forms part of the conjugated 
system of the double and single bonds ( see the orbital picture for for pyrrole and 
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pyrridine below): The nitrogen in pyrrole contributes its lone pair of electrons 
which togather with the 4 electrons from the p-orbitals of carbon form the sextet. 
Thus the p-orbital carrying the lone pair together with the p-orbitals from the four 
carbons , each with one electron overlap to make the six delocalized electrons. 
The orbital pictures for pyrrole and pyridine are as shown: 



p-orbital from nitrogen with 
a lone pair of electrons 




p-orbitals from carbons each 
with a single electron 



Orbital picture of pyrrole 



lone pair of electrons on nitrogen_ 



not participating in the aromatic sextet 





Orbital picture of pyridine 
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Formative evaluation 



1. The following is the structure of indole, 




Indole 

Which aromatic rings that you know are the components of the fused ring system 
in indole? Hint: remember that quinoline is a fused ring system of benzene (a 
homocyclic) and pyridine (a heterocyclic), how about indole? 



2. Observe the structure of furan: 



•o* 

O 



Furan has two double bonds only with four pi electrons. How do you explain the 
aromatic nature of furan based on the Huckel; 4n+2 Rule? How does it happen 
to have the desired number of pi electrons? 

3. Both pyridine and pyrrole are aromatic molecules. Ho do you account for the 
fact that pyrrole is less basic than pyridine? (Hint consider the availability of the 
lone pair of electrons on nitrogen for protonation in each of the molecules) 
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Learning activities 

1. Draw the molecular orbital pictures for benzene, pyridine and thiophene. 

Which two of these are similar? Explain. How is the dissimilar molecule 
different from the two similar molecules? 

2. Given below is the structure of pyrrolidine 




pyrrolidine 

Would you expect pyrrolidine to be more or less basic than pyrrole? Explain 
your answer. 

3. If there is a possibility to have laboratory facilities do the following: Dissolve 
pyridine, pyrrole and pyrrolidine in HC1 in three different test tubes and make 
your observations. Clearly explain your results based on your knowledge of this 
module.This question is question is only for those students who have access to 
laboratory faccilities. 
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XV. Synthesis of the Module 



Unit 1 introduces the concept of Aromaticity and examines the properties of 
aromatic compounds: 

Aromaticity is a property of ring compounds with a continuous conjugated system 
of double and single bonds. 

Aromatic molecules are planar and have a total number of m-electrons equal 

to 4n+2 electrons where n is an integer 0,1,2 3 Thus molecules must have 

2,6,10,14,18,22 etc it-electrons for them to qualify as aromatic. This is the 

so called Huckel's 4n+ 2 rule on aromaticity 

Aromatic compounds have unusual stability as unsaturated compounds.They ty- 
pically undergo electrophilic aromatic substitution reactions rather than addition 
reactions typical of unsaturated aliphatic compounds. 

Benzene and its derivatives are typical examples of aromatic compounds. 



Unit 2 discusses Benzene and its derivatives: 

The formula for benzene is C 6 H 6 or (CH) 6 . It has double bond equivalent of 4 
(this is also known as index of hydrogen deficiency). Being a six-member ring, 
benzene then must have three double bonds as per Kekule structure to satisfy the 
our index of hydroge deficiency. 

The Kekule structure shows benzene to have three double bonds, but benzene is 
far from being a 1,3,5-cyclohexatriene. It does not undergo addition reactions, 
its C-C bond lengths are all equal vis 0.139 nm, intermediate between single and 
double bonds. 
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H— pO 
H 



"\ 



H 
Q- H 



' C T C 



H 



C-C bond length in ethane is 0.154 nm 



C=C bond in ethene 
is 0.134 nm 




Bond angle is 120° 
(all angkles are equal) 

Bond length of benzene 0.139 nm 
(all bonds are equal) 



Its bond angles are all 120° 

Only one monosubstituted derivative is possible and only three disubstituted 
isomers arepossiblei.e. the 1,2- (ortho isomer), 1,3- (meta isomer) and 1,4- (para 
isomer). 

Typical reactions of benzene are electrophilic aromatic substitutions such as 
bromination, nitration , sulphonation and Friedel-Crafts reactions (alkylations 
and acylations). 



Unit 3:extends the concept of aromaticity and discusses five-member ring 
heterocyclic compounds- Heterocyclic aromatic compounds. Typical exam- 
ples discussed in this unit are the five-member ring monoheterocyclics furan, 
pyrrole and thiophene with oxygen, nitrogen and sulphur as the heteroatoms 
respectively; and pyridine as a six member ring heterocyclic with nitrogen as 
the heteroatom. 

Heterocyclics are important components in many natural products and are of 
immense importance in pharmaceuticals. 

Heterocyclic aromatic compouds, as their benzenoid counterparts, have unusual 
stability, and undergo typical electrophilc aromatic substitution reactions rather 
than addition reactions. 
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XVI. Summative Evaluation 



Questions: 



1. Which of the following compounds is least basic? (Hint: In this case basi- 
city is a measure of how easily accessible the lone pair of electrons on 
nitrogen is for protonation. 



NH 7 




t 



H 

I 



H 

I 



CJ 



N. 




2. Which of the following compounds is the most immediate precursor(please 
use a phrase that is accessible to the beginning learner) for an azo dye? 



NHCH 3 



NH 5 





N=N 




CI- 



NQ 




3. Consider Friedel/rafts reaction of the following: 



D 



OCH 3 




Fridel/Crafts reaction, CHoCH,CI/AICI 



3 wi i 2 oi;niwi 3 



OCH, 




-CH2CH3 



The possible structure(s) of the product(s) is/are 
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OCH, 



A. 




CH2CH3 



OChU 



B. 



^^ 



OChU 



H3CH2C 
C. 



^ 



OCH 



D. 




3 OCH3 

CH2CH3 

and 



CHoCH 



2^1 13 



4. For a compound to be aromatic it must be planar because if the compound 
is not planar or at least quite close to planar 

A. its electrons cannot form an aromatic sextet 

B. the 2p orbitals do not overlap well and some connectivity between orbitals 
is lost 

C. there is far better overlap of the p-orbitals 

D. it cannot have 4n+2 m-electrons 



5. Aromatic systems contain 4n+2 it-electrons where n is 

A. the number of carbon atoms in the ring, 

B the number of lone pairs of electrons in the molecule 

C. an integer ecluding zero 

D an integer. 
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6. When benzene undergoes electrophilic aromatic substitution reaction such 
as bromination the benzene molecule acts as 

A an electrophile 

B. a nucleophile 

C. an electron acceptor 

D. none of the above options is correct 

7. When benzene undergoes nitration using a mixture of HN0 3 and H 2 S0 4 
the nitrating agent in this reaction is 

A. -N0 3 

B. -N0 2 + 

C. -NO 

D. -NO, 



8. In Friedel/Crafts reaction of benzene, it is important to have a Lewis acid 
because the Lewis acid 

A. the neutralizes the basic reaction mixture 

B. makes the alkyl halide a better electrophile 

C. polarizes the C-X bond and thus facilitate the electrophilic attack by 
benzene 

D. B and C above are both correct. 

9. Which of the following are all activating groups towards electrophilic 
aromatic substitution reactions: 

A. CH3O-, -OH, -CH 3 , -Br 

B. -NH 2 , -NHCH 3 , -COCH 3 , r- ^= N 

C. Et 3 N-, PhNH , CH 3 CH 2 , ph O ' 

D. Br-, ph c t H c^C , EtO 
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10. The heat of hydrogenation of 1,3,5,7-cyclootatetraene (COT) is about 420 
kJ/mol, whrereas the heat of hydrogenation of cyclooctene is about 100 kJ/ 
mol. This is because 

A. COT has aromatic characteristics 

B. both COT and cyclooctene are aromatic 

C. both COT and cyclooctene undergo typical substitution reactions 

D. almost each double bond in COT behaves as an isolated double bond 

11. Which of the following is the correct statement:: 
An electrophile is 

A. rich in electron density 

B. deficient of electrons 

C. seeks electrons 

D. B and C are both correct 

12. When benzene undergoes its typical reactions it behaves as 

A. an electron donor 

B. an electron acceptor 

C. an electrophile 

D. non of the above is correct 

13. Which is the most likely major product in the following reaction: 



NHCOCH, 



0,N 



Br,/FeBr, 



NHCOCH3 NHCOCH; 

0,N^ /L 0,l\L Js. ,Br 





NHCOCH3 NHCOCH, 
2 N^ _A^ ,N^ 



Br 
A B 




ivx. . 
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14. When anisole (methoxybenzene) is chlorinated the products are 65% 1,4- 
product and 34.9% 1,2- product. The predominance of the 1,4 product 
( para-isomer) over the 1,2-Product (ortho- isomer) is most likely due to 
the fact that 

A. the methoxy group directs the chloro group mostly to the para position 

B. the methoxy group prefers the para isomer 

C. the 1,2 isomer is less preferred due to steric hinderance 

D. the methoxy group pushes electrons (by resonance) more to the para 
position 

15. In nitration of p-nitrotoluene the major product is 2,4-dinitrotoluene due to 

A. the directing effect of the methyl group 

B. the directing effect of the nitro meta director 

C. the combination of the activating and deactivating effects of the two 
groups 

D. the directing effects of both the ortho-para director and the meta director 

15X4 marks = 60 marks 



Answers: 



1. 


B 


2. 


C 


3. 


D 


4. 


B 


5. 


C 


6. 


B 


7. 


B 


8. 


D 


9, 


C 


10. 


D 


11. 


D 


12. 


A 


13. 


C 


14. 


C 


15. 


D 
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